Motor neurons, alone among neurons in the vertebrate CNS, extend axons out of the neural tube to innervate peripheral targets. Two classes of motor neurons, termed vMNs and dMNs, extend axons out of the neural tube via ventral and dorsal exit points, respectively, in accord with their homeodomain transcription factor repertoire. Downstream of these transcriptional codes, the cell surface receptors that shape initial motor axon trajectories have not been identified. We show here that the chemokine receptor Cxcr4 is expressed on the axons of vMNs as they follow their ventral trajectory, whereas its ligand, Cxcl12, is expressed by mesenchymal cells surrounding the ventral neural tube. Genetic studies reveal that Cxcl12-Cxcr4 signaling directs the ventral trajectory of spinal vMNs. In its absence, these neurons adopt a dMN-like trajectory, despite preservation of their vMN transcriptional identity. Thus, the status of Cxcr4 signaling helps to determine the initial axonal trajectory of mammalian motor neurons.
Introduction
Developing neurons extend axons along stereotyped pathways, and the precision of these projections has a profound impact on neural circuit assembly: early errors take axons into foreign terrains from which they fail to reach their intended targets. One fundamental pathfinding choice made by the axons of neurons in the vertebrate central nervous system (CNS) is whether to extend within the confines of the neural epithelium or project into the periphery. Of the diverse array of neuronal subtypes generated within the CNS, motor neurons alone select a peripheral environment for axonal extension. Once in the periphery, the axons of different *Correspondence: tmj1@columbia.edu 5 These authors contributed equally to this work. In this study, we provide genetic evidence in the mouse that the status of Cxcr4 expression and signaling is a major determinant of the initial axonal trajectory of spinal motor neurons. Cxcr4 is transiently expressed by vMNs, and Cxcl12 is expressed at high levels by mesenchymal cells flanking the spinal cord and caudal hindbrain. In Cxcr4 or Cxcl12 mutant mice, many vMNs acquire a dMN-like trajectory, projecting dorsally within the neural epithelium and in some cases extending into the periphery via dorsal exit points. On arrival in the periphery, the axons of Cxcr4-deficient vMNs frequently invade sensory ganglia, another characteristic dMN trajectory. Together, this genetic analysis reveals that a GPCR signaling system controls the precision of initial motor axon trajectories and identifies Cxcr4 as a crucial effector of the transcriptional pathway that specifies vMN connectivity.
Results

Transient Expression of Cxcr4 by vMNs during the Initial Phases of Axon Extension
Analysis of the expression of chemokine receptors during early motor neuron development revealed a striking distribution of Cxcr4. Cxcr4 mRNA was expressed in the ventral neural tube at embryonic day (e) 9.0 to 9.5, in a pattern that paralleled that of Isl1, an early motor neuron marker (Figures 2A and 2B ). In addition, Cxcr4 protein was expressed by newly generated Isl + motor neurons soon after their migration to the lateral border of the neural tube ( Figures 2J and 2K) . The gene encoding Cxcl12, the sole known ligand for Cxcr4 (Tachibana et al., 1998), was expressed at high levels by mesenchymal cells flanking the ventral neural tube at spinal cord and hindbrain levels, from e9.0 to e12.5 ( Figures  2C, 2F , and 2I; Figures 3D and 3H; Figures S1D, S1H, S1L, and S1P in the Supplemental Data available with this article online; data not shown).
The expression of Cxcr4 by spinal motor neurons is transient. From e10.0 onward, Cxcr4 expression became progressively confined to the most medially placed, and thus the most recently generated, motor neurons (Leber and Sanes, 1995; Wentworth, 1984), whereas more mature, laterally placed, motor neurons lacked Cxcr4 expression ( Figure 2D ). At e10.5, Cxcr4 expression was excluded from virtually all motor neurons ( Figures 2G and 2H) . At this stage, ventral progenitor cells also began to express Cxcr4 (Figures 2D and  2G ). The expression of Cxcr4 protein paralleled transcript expression. At e10.0, Cxcr4 protein was detected at high levels on many motor neuron cell bodies, as well as on motor axons that had invaded the surrounding mesenchyme ( Figures 2M and 2N) . But by e10.5, when motor axons have reached the base of the limb and the lateral body wall, little or no expression of Cxcr4 was detected on motor neuron cell bodies or axons ( Figures  2P and 2Q) . Thus, the initial phase of extension of vMN axons is characterized by high-level, but transient, expression of Cxcr4, and by a more prolonged phase of Cxcl12 expression by mesenchymal cells flanking the ventral spinal cord.
The temporal and spatial profile of Cxcr4 expression by motor neurons was consistent at forelimb, thoracic, and hindlimb levels of the spinal cord (data not shown). But at rostral cervical levels, expression of Cxcr4 was more restricted, prompting us to examine its profile of expression in cranial motor neurons. To identify cranial motor neuron subclasses, we analyzed the expression of three homeodomain transcription factors, Isl1, Hb9, and Phox2a/b. Isl1 is expressed by most motor neurons Figures 3A-3C , 3E-3G, and 3I-3L). Thus, at hindbrain levels, Cxcr4 expression is largely restricted to abducens (nVI) and hypoglossal (nXII) motor neurons (Figures S1E and S1F and Figures 3A, 3B , and 3I-3K). As with spinal vMNs, expression of Cxcr4 by abducens and hypoglossal motor neurons was transient and extinguished by e10.5 (data not shown). In contrast, Cxcr4 expression was excluded from facial (nVII), glossopharyngeal (nIX), vagal (nX), and spinal accessory (nXI) motor neurons (Figures S1E-S1G, S1I-S1K, and S1M-S1O; Figures 3A, 3C , 3E, 3G, 3K, and 3L; and data not shown). The only exception to the exclusion of Cxcr4 expression from dMNs was its detection in trigeminal (nV) motor neurons ( Figures S1A and S1C) , the significance of which is discussed later. At more rostral levels, Cxcr4 was expressed by oculomotor (nIII) vMNs, but not by trochlear (nIV) dMNs (data not shown). Thus, at spinal and hindbrain levels, Cxcr4 expression is restricted almost exclusively to vMNs. Figures 4G-4I and 4L) .
To examine whether Cxcr4 expressed on the axons Taken together, these findings indicate that many newly generated motor neurons initially express a functional form of Cxcr4 on their growth cones but rapidly extinguish protein expression, in a manner that does not depend on signals provided by the peripheral mesenchyme.
The Axons of vMNs Adopt a dMN-like Trajectory in Cxcr4 and Cxcl12 Mutants
The transience of Cxcr4 expression by vMNs precluded a detailed examination of the influence of Cxcl12 signaling on axonal growth in vitro. We therefore turned to a genetic analysis of motor neuron differentiation in Cxcr4 and Cxcl12 mutant embryos. In the spinal cord, vMNs migrate laterally soon after their generation, extending an initial axonal process laterally, toward the border of the neuroepithelium, and then into the periphery (Wentworth, 1984). In Cxcr4 and Cxcl12 mutants, vMNs exhibited several defects in early axon extension, as assessed both by neurofilament 155 kDa subunit (Nf) expression (Figures 5A-5C), and by axonal eGFP expression in mutants carrying the Hb9::eGFP transgene. The axonal projection phenotypes of both mutant strains were essentially indistinguishable, indicating that Cxcl12 is the relevant ligand for motor axonal Cxcr4 in vivo.
The earliest motor neuron phenotype in Cxcr4 and Cxcl12 mutants, evident at e10.0, was a marked (w3.5 fold) increase in the incidence of misdirected Nf + processes within the ventral neural epithelium (Figures 5D-5G; Figure S2 ). These processes expressed both Nf and a neuronal β-tubulin isoform (see Figure S2 ), indicative of their axonal nature. Many of these axons appeared to project laterally to the margin of the neural tube but then reoriented in a dorsal direction, and some even turned medially, back toward the lumen of the spinal cord ( Figures 5E and 5F ). Another early, and possibly related, defect in motor axon projections in Cxcr4 and ( Figures S3I-S3N To test this idea, we analyzed vMN axonal trajectories at a rostral cervical level of the spinal cord, where vMNs innervating skeletal muscles of the neck, as well as dMNs of the spinal accessory column (nXI), are generated. At this axial level, the axons of eGFP + vMNs in mice with intact Cxcl12-Cxcr4 signaling projected out of the neural tube at their normal ventral location (Figures 7A, 7C, 7E, and 7F) . In contrast, in Cxcr4 and Cxcl12 mutants, the eGFP + axons of vMNs not only projected dorsally within the neural epithelium but also left the spinal cord and projected into the spinal accessory nerve (SAN) (Figures 7B, 7D , and 7G-7J). We detected a marked (w4-fold) increase in the cross-sectional area of the SAN in Cxcr4 and Cxcl12 mutants ( Figure S4) , presumably a reflection of the additional contribution of eGFP + axons of vMNs to this nerve. These eGFP + vMN axons extended far into the SAN (Figures 7B and 7D) , and by e15.5 many had contacted the acromiotrapezius muscle, a normal target of nXI motor neurons (Figures 7K-7N) .
These findings show that vMNs deprived of Cxcr4 signaling can adopt a cardinal characteristic of dMN axonal trajectory, the ability to exit the CNS dorsally, at least at axial levels where dMNs are normally generated. The failure of the dorsally directed axons of vMNs to exit the neural tube at most spinal levels in Cxcl12 and Cxcr4 mutants may therefore result from the lack of appropriate exit point cues and/or dMN axons.
Defects in Motor Axon Trajectory Are Largely Restricted to the Spinal Cord
We next examined the impact of the loss of Cxcr4 signaling on the axonal projections of hindbrain motor neurons. Two sets of hindbrain vMNs, abducens (nVI) and hypoglossal (nXII) motor neurons, express Cxcr4 at levels comparable to those detected in spinal vMNs (Figure S1E and S1F; Figures 3A, 3B, 3I, and 3J) . Nevertheless, there was an extremely low incidence of errors in the intraepithelial axonal trajectory of these two cra- S6D) . Thus, the loss of Cxcr4 signaling does not perturb the initial axonal trajectory of dMNs. (Figures S1A and S1C) . Thus, motor neurons that express Cxcr4 evade sensory ganglia, whereas motor neurons that lack Cxcr4 expression invade sensory ganglia.
Loss of Cxcr4 Signaling Perturbs Motor Axon Trajectories in the Periphery
To examine whether the status of Cxcr4 expression underlies the decision of motor axons to invade or evade sensory ganglia after their arrival in the periphery, we monitored peripheral axonal trajectories in Cxcr4 mutants. At spinal levels, the axons of many vMNs failed to pursue their normal ventrolateral trajectory through the mesenchyme, instead invading the DRG (Figures 8A, 8B, and 8I) , and in some instances projected along with sensory axons toward the DREZ. We also detected a marked increase in the incidence of Nkx6.2::τLacZ-labeled dMN axons within the trigeminal ganglion of Cxcr4 mutants, when compared with mice with intact Cxcr4 signaling ( Figures 8C, 8D, and 8J) . In contrast, the intraganglionic axonal trajectory of other dMN populations that normally lack Cxcr4 was unchanged in Cxcr4 mutant mice, as assessed by the pattern of Nkx6.2::τLacZ axonal labeling ( Figures 8E-8H,  8K, and 8L) . Thus, the loss of Cxcl12-Cxcr4 signaling causes motor neurons that normally express Cxcr4 (vMNs and trigeminal dMNs) to alter their peripheral axonal trajectory, from evasion to invasion of sensory ganglia, even under conditions in which their normal ventral or dorsal points of exit from the neural tube are maintained.
Together, these findings reveal that the loss of Cxcr4 signaling in motor axons results in two coordinate changes in vMN axonal trajectory: one that occurs within the neural epithelium and influences initial axonal trajectory and exit point position, and a second that occurs in the periphery and influences axonal trajectory in the vicinity of sensory ganglia. The status of Cxcr4 signaling in the axons of spinal motor neurons is therefore a critical determinant of their initial trajectory.
Discussion
The selectivity of motor axon outgrowth is revealed in its simplest form as a divergence in trajectory of two major subclasses of motor neurons, termed dMNs and vMNs. We have found that two critical aspects of the formation of vMN axonal trajectories-ventral exit from the CNS and the evasion of sensory ganglia-depend on the activity of a GPCR signaling pathway that is mediated by the mesenchymal ligand Cxcl12 and its motor axon receptor, Cxcr4. Genetic inactivation of the Cxcl12-Cxcr4 signaling pathway has no impact on the transcriptional pathway of vMN specification but causes this set of motor neurons to adopt an axonal trajectory that is characteristic of dMNs, most notably axonal growth to dorsal exit points, and the invasion of sensory ganglia. In some instances, these initial errors in the pathfinding of vMNs result in the innervation of muscle targets that are normally reserved for dMNs. Our findings therefore clarify a key step in the molecular control of mammalian motor axon trajectories and define a GPCR signaling system that shapes motor axon pathways and the pattern of muscle target innervation. In Situ Hybridization, Immunohistochemistry, and X-gal Staining In situ hybridization was performed as described (Ericson et al., 1997b) . The following probes were used: Cxcr4, Cxcl12, Hb9, and Isl1. The following chemokine receptor genes were also assayed by in situ hybridization on sections of e10.5 and e12.5 spinal cord: Cxcr4, Cxcr5, Ccr1, Ccr2, Ccr4, Ccr5, Ccr6, Ccr7, Ccr8, Ccr9, and Ccr10. Only Cxcr4 was expressed by newly generated motor neurons.
Cxcr4 Expression as a Selector of Motor Axon Exit Point from the CNS
Embryos were processed for immunohistochemistry as described (Tsuchida et al., 1994) . Antisera: rabbit anti-GFP (Molecular Probes), 1:1000; rabbit anti-Lhx3, 1:4000; guinea pig anti-Isl1/2, 1:16000; rabbit anti-Isl1/2, 1:2500; rabbit anti-Phox2a/b, 1:2000; goat anti-Cxcr4 (Santa Cruz), 1:250; Nf (2H3), 1:100; Nfr (3A10), 1:100; β3-tubulin (TUJ1; Covance), 1 g/ml; laminin B1 (LT3; Chemicon), 1 g/ml. α-bungarotoxin conjugated to tetramethylrhodamine (Molecular Probes) was used at 1 g/ml. Cxcr4 expression on cultured motor neurons detected rat anti-mouse Cxcr4 antibody 1:25 (clone 2B11; Becton-Dickinson). Whole-mount immunostaining and whole-mount X-gal staining were carried out as described (Arber et al., 1999) . Motor axon projections were quantified using ImagePro Plus (Media Cybernetics).
Primary Motor Neuron Culture
Motor neuron cultures were performed essentially as described (Henderson et al., 1993) . Recombinant human CXCL12β (R&D Systems) or mouse Ccl17 (R&D Systems) was added at concentrations described in the text for 1 hr at the end of the culture period. In some experiments, the cultures were treated with 10 ng/ml T134 peptide (Arakaki et al., 1999) for 1 hr prior to addition of chemokine. Cells were labeled with 10 U/ml phalloidin conjugated to Alexa 568 (Molecular Probes). The frequency of growth cone-positive cells was determined by scoring 100 to 150 eGFP HI neurons with an inverted fluorescence scope ( Figure S7 ). The length of Cxcr4 + and Cxcr4 − motor axons was determined using ImageJ software (W. Rasband, NIH, Bethesda, MD).
Flow Cytometry
Embryonic motor neurons were detached from tissue culture plates by treatment with enzyme-free cell dissociation mix (Specialty Media) and washed once. The cells were stained on ice for 20 min with anti-mouse Cxcr4 (2B11; Becton-Dickinson) or isotype control conjugated to phycoerythrin. Motor neurons were analyzed with a LSR-II flow cytometer (Becton-Dickinson).
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